Msx-class homeobox genes, characterized by a distinct and highly conserved homeodomain, have been identified in a wide variety of metazoans from vertebrates to coelenterates. Although there is evidence that they participate in inductive tissue interactions that underlie vertebrate organogenesis, including those that pattern the neural crest, there is little information about their function in simple deuterostomes.
Introduction
Inductive tissue interactions are a universal feature of metazoan development. A variety of extracellular signaling molecules, their receptors, and intracellular signal transducers are known to function in intercellular communication. Activation of such signaling pathways is thought to result in changes in the activity of developmental reg- ulatory transcription factors and consequent changes in downstream gene activity. Among the small but growing number of transcription factors that appear to be targets of intercellular signals are the Msx class of homeodomain proteins (for review, see Davidson, 1995) . Members of the Msx gene family have been isolated from a variety of organisms from vertebrates to insects (Walldorf et al., 1989; Holland, 1991; Bell et al., 1993) . Msx genes fall into three classes on the basis of the amino acid sequences of their homeodomains (Bell et al., 1993) : m&-like genes have been identified in Drosophila and in ascidians (Walldorf et al., 1989; Holland, 1991; Ma et al., 1996) ; Msxl-like and MsxZ-like genes have been cloned from representatives of all vertebrate classes (Hill et al., 1989; Takahashi and Le Douarin, 1990; Coelho et al., 1991; Holland, 1991; Yokouchi et al., 1991) . We used a PCR approach to isolate a portion of a sea urchin (Strongylocentrotus purpuratus) Msx-class gene whose homeodomain proved to be very similar to vertebrate Msxl-like and Msx2-like sequences (Bell et al., 1993) .
The expression of Msx genes has been studied extensively during embryogenesis (Davidson, 1995) . In a recent analysis of the Drosophila msh gene, Storti and colleagues documented msh transcripts in subpopulations of mesoderma1 cells, in the developing gut, and in the central nervous system (CNS) (Lord et al., 1995) . There is now extensive documentation of the expression Msxl-like and Msx2-like genes of vertebrates, demonstrating that they exhibit dynamic and partially overlapping patterns of expression during organogenesis (Takahashi and Le Douarin, 1990; Coelho et al., 1991; Coelho et al., 1992; Davidson et al., 1991; Monaghan et al., 1991; Robert et al., 1989; Takahashi et al., 1991; Yokouchi et al., 1991; MacKenzie et al., 1992; Bell et al., 1993; Jabs et al., 1993; Liu et al., 1994; Akimenko et al., 1995) . Both classes of genes are expressed in the ectoderm and underlying mesenchyme of developing limb, in mesenchyme derived from the cranial neural crest, in developing eye, ear, teeth, and heart (Hill et al., 1989; Davidson et al., 1991; Monaghan et al., 1991; MacKenzie et al., 1992; Liu et al., 1994) . Recently a third murine Msx gene, Ms.x3, was isolated and shown to be expressed exclusively in the developing CNS (Shimeld et al., 1996) .
The expression of Msx genes is often correlated with inductive process during embryogenesis (Davidson, 1995) . Directly supporting a role for Msx genes in specific tissue interactions are tissue recombination experiments showing that the appearance and maintenance of Msx transcripts in mesenchyme of the limb, mandible, molar tooth and neural tube is dependent on the overlying epithelium Takahashi et al., 1991; Takahashi et al., 1992; Jowett et al., 1993) . Moreover, Thesleff and coworkers have shown that the TGF-b superfamily member, BMP-4, can induce the expression of Msxl and Msx2 in oral mesenchyme . Recently, gene targeting (Satokata and Mass, 1994) and transgenic (Liu et al., 1994) approaches have confirmed that Msxl and Msx2 have functional roles in the patterning of the teeth and the skull.
The high degree of sequence conservation of the Msx homeodomain in deuterostomes, including simple deuterostomes such as echinoderms and ascidians that lack neural crest and do not exhibit the complexities of organogenesis characteristic of vertebrates, suggested to us that Msx genes may play a role in early inductive interactions that are shared among these divergent deuterostome groups. To test this hypothesis and to understand the ancient function of Msx genes, we have undertaken an analysis of Msx expression and function in non-vertebrate deuterostomes.
We showed previously that an ascidian Msx class gene is expressed in subpopulations of mesoderm during gastrulation, and subsequently in neural structures, a pattern strikingly reminiscent of Msx expression in vertebrates (Ma et al., 1996) . Here we document the expression of the SpMsx gene during sea urchin development. We show that SpMsx is expressed generally in blastula stage embryos, and that during gastrulation SpMsx transcripts are localized in the invaginating archenteron, secondary mesenchyme, and oral ectoderm.
SpMsx
expression is substantially reduced in dissociated embryos, suggesting that cell-cell or cell-matrix interactions are required for normal SpMsx expression. In exogastrulae, SpMsx transcripts exhibit normal distributions in the oral ectoderm, evaginated gut, and secondary mesenchyme. Thus, the localization of SpMsx transcripts does not depend on interactions between the ectoderm and archenteron, but rather is likely a consequence of events during cleavage or blastula formation that lead to the specification of the oral ectoderm and vegetal plate.
Results

Isolation of a sea urchin msx gene
Previously we identified an Msx-related gene in sea urchin (S. purpuratus) genomic DNA using a PCR strategy similar to the one we used to obtain the mouse Msx2 gene (Bell et al., 1993) . Degenerate oligonucleotides, originally designed to hybridize with the homeobox of bicoid-like genes, were used in a PCR reaction with sea urchin genomic DNA. The resultant PCR product contained sequences closely related to a portion of the homeobox of the mouse Msx2 gene (Bell et al., 1993 exon. The protein coding sequence is underlined, the homeobox is boxed. (C) Alignment of amino acid sequences of SpMsx and several other Msx genes from different species. Sequence comparisons of several Msx proteins show a highly conserved extended homeodomain which we refer to as the Msx domain. Shading indicates identity. SpMsx, S. purpuratus Msx; musmsxl, mouse Msxl (Robert et al., 1989) ; musmsx2, mouse Msx2 (Monaghan et al., 1991) ; musmsx3. mouse Msx3 (Shimeld et al.. 1996) ; Celeganmsx, C. elegans Msx (Wilson et al., 1994) ; hydramsx, hydra Msx (Schummer et al.. 1992) . 
To obtain the remainder of the SpM.sx homeobox, we designed a second set of primers, one corresponding to the 5' region of the SpMsx homeobox, and the other, a degenerate primer, corresponding to a conserved sequence at the 3' end of the homeobox of several known Msx genes. PCR with these primers yielded a fragment of the expected size, which, upon sequencing, extended the previous sequence over the entire SpMsx homeobox. We then used this fragment as a probe to isolate a sea urchin genomic clone containing the SpMsx gene, and we determined the nucleotide sequence of the exon containing the homeobox (Fig.  lA,B) .
We compared the partial SpMsx amino sequence with the sequences of Msx proteins from a representative group of protostomes and deuterostomes, including coelenterates (Hydra), nematodes (Caenorhabditis elegans), and chordates (Mus musculus). Hydra and C. elegans are not known to have more than a single Msx gene; the murine genome contains three Msx genes, Msxl, Msx2 and Msx3 (Bell et al., 1993; Davidson, 1995; Shimeld et al., 1996) . It has been proposed (Shimeld et al., 1996) that an MsxS-like gene is the ancestral member of the vertebrate Msx gene family. Our comparisons revealed, as expected from previous work (Davidson, 1995) substantial similarity in the 61 amino acid homeodomain and in seven residues Nterminal to the homeodomain and 13 residues C-terminal.
For simplicity, we designate this conserved, 81 amino acid extended homeodomain the 'Msx domain'. Within the Msx domain, SpMsx and the three murine genes, Msxl, Msx2 and Msx3 were, respectively, 96% (three changes), 99% (one change), and 94% (five changes) similar. SpMsx was 81% similar to C. elegans Msx and 69% similar to Hydra Msx. Outside the Msx domain, levels of similarity were much lower. In the most conserved stretch outside the Msx domain, located in the C-terminal region (residues 93-123) SpMsx exhibited 80% similarity to Msxl, 66% to Msx3, and 63% to Msx2. In this same region, the degree of similarity between SpMsx, C. eleguns Msx, and Hydra Msx was so low as to be difficult to measure quantitatively.
These data show that SpMsx is substantially more closely related to vertebrate Msx genes than to Msx genes of C. elegans and Hydra, consistent with the traditional grouping of echinoderms with chordates (Jeffries, 1986) . These comparisons do not definitively identify a vertebrate orthologue of SpMsx among Msxl-3, or among all available vertebrate sequences (J. Bell and R. Maxson, unpublished observations), suggest- Fig. 2 . RNase protection assay of SpMsx mRNA in embryos and tissues of the adult sea urchin. Whole embryo RNA (20 mg) was hybridized to kinetic termination with a 220 nt, radiolabeled RNA probe derived from the SpMsx homeobox. The hybrids were treated with RNase and the protected fragments (174 nt) resolved on denaturing acrylamide gels and visualized by autoradiography.
The numbers above the lanes indicate time in hours postfertilization; tRNA, control analysis performed on tRNA; egg, unfertilized egg.
ing that the duplication events that gave rise to the vertebrate Msx subfamilies took place after the divergence of echinoderms and chordates.
Timing of SpMsx expression during development
We used an RNase protection assay to investigate the temporal profile of SpMsx expression during development. A radiolabeled RNA probe corresponding to the SpMsx homeobox was hybridized to kinetic termination with whole-embryo RNA from embryos at various stages of development. The reactions were treated with RNase and the protected products resolved on acrylamide gels. As shown by a band of the expected size of 174 nucleotides, transcripts of the SpMsx gene were first detectable at the blastula stage, between 12 and 21 h after fertilization (Fig.  2) . They declined slightly in amount by the prism stage (60 h postfertilization), and were not detectable at all in several tissue of the adult, including ovary, testis, coelomocyte or intestine. We carried out this analysis on several independent RNA preparations with essentially identical results.
Spatial localization of SpMsx transcripts
The spatial pattern of SpMsx expression in developing embryos was examined by means of whole mount in situ hybridization . The probe, derived Fig. 3 . Spatial distribution of SpMsx transcripts in blastula stage embryos. S. purpuratus embryos were cultured in natural sea water at 15°C and fixed 24 h postfertilization. SpMsx transcripts were assayed by a whole mount in situ hybridization procedure . using a gene-specific, 200 nt, digoxygenin-labeled antisense (A) or sense (B) RNA probe derived from the region immediately 3' of the SpMsx homeobox. Hybridized probe was visualized with an anti-digoxygenin antibody linked to alkaline phosphatase. The alkaline phosphatase reaction gives a purple stain. SpMs.r transcripts appear to be distributed throughout the embryo at this stage, with a high concentration in the vegetal plate (arrows). Bar, 10 pm. from the protein-coding sequence 3' of the homeobox, was labeled with digoxygenin and incubated with blastula-, gastrula-, prism-and pluteus-stage embryos. To control for background hybridization, a sense SpMsx probe was incubated with embryos from these same batches at the same time and at the same probe concentrations as the antisense probe. Hybridization was visualized with an anti-digoxygenin antibody linked to alkaline phosphatase. The alkaline phosphatase reaction was also carried out at the same time and for the same length of time for antisense and sense probe-treated embryos.
In blastula stage embryos, SpA4s.x transcripts were distributed throughout the embryo, with the most intense signal at the vegetal plate (Fig. 3A) . By the early gastrula stage, SpMsx transcripts were localized in the invaginating archenteron (Fig.  4A,B ), but were not detectable in primary mesenchyme cells. The control probe did not hybridize significantly with these embryos (Figs. 3B and 4C,D) , demonstrating that the hybridization signal obtained with the antisense probe was specific.
In late gastrulae, SpMsx transcripts were visible throughout the archenteron and in secondary mesenchyme cells at the tip of the archenteron (Fig. 4B) . Oral ectoderm overlying the archenteron also contained SpMsx mRNA (Fig. 4A,B) ; aboral ectoderm was negative.
By the prism stage, SpMsx transcripts were evident in the now-distinct foregut, midgut and hindgut, as well as in the oral ectoderm, including the ciliary band (Fig. 5A-C) . During subsequent development to the pluteus larva, SpMsx transcripts continued to be detectable in the gut (Fig. 6A,B) . In addition they were evident in the oral hood and in the elongating larval arms. In feeding plutei at about 15 days postfertilization (Fig. 6C) , SpMsx was expressed in the acron, in the oral and anal arms and in the gut.
Expression of the SpMsx gene in the oral ectoderm and archenteron does not require interactions between germ layers
What is the mechanism by which SpMsx transcripts are restricted to the oral ectoderm and vegetal plate territories? Given the association of Msx gene expression with tissue interactions and growth factor-mediated signaling, it is reasonable to hypothesize that such regulated expression of SpMsx is directly related to the series of tissue interactions that result in the differentiation of the oral ectoderm and the vegetal plate. The development of some oral ectodermally-derived structures, including the mouth, depends on interactions with the underlying archenteron (Horsta- dius, 1939). Thus, the maintenance of SpMsx expression in the oral ectoderm might similarly depend on an interaction with the underlying tissue. Equally, the patterning of the vegetal plate and archenteron depends on a series of tissue interactions beginning in early cleavage with inductive events entrained by the micromeres (Horstadius, 1939; Ransick and Davidson, 199.5) . As a first attempt to define the developmental processes that result in the restricted expression of SpMsx, we used exogastrulation to perturb the normal spatial relationship between ectoderm and the archenteron, and we monitored the distribution of SpMsx transcripts in such embryos. In the sea urchin, exogastrulation occurs spontaneously to a varying degree depending on the batch of eggs. It can also be induced by a number of different chemical agents, including LiCl (von Ubisch, 1929; Horstadius, 1939; Livingston and Wilt, 1989) . We found that in both types of exogastrulae, SpMsx transcripts were present in the evaginated archenteron and in the oral ectoderm (Fig. 7A-C) , demonstrating that the close apposition of the gut and the oral ectoderm is not required for SpMsx expression in the oral ectoderm. Some exogastrulae appeared radialized, with no clear distinction between the oral and aboral ectoderm. In these exogastrulae, the SpMsx mRNA was not detectable in the oral ectoderm, probably as a secondary consequence of radialization (data not shown). We conclude that the events that lead to the localization of SpMsx transcripts in the oral ectoderm and archenteron do not depend on interactions between the ectoderm and invaginated archenteron, but are likely a consequence either of planar signals within the ectoderm and archenteron of the gastrulating embryo, or of signaling events that occur prior to gastrulation.
To determine whether the accumulation of SpMsx transcripts in the blastula-stage embryo depends on cell-cell or cell-matrix interactions, we dissociated embryos into their component cells and monitored SpMsx expression. Embryos were washed with Ca2+/Mg2+-free sea water, then cultured in one part Ca2+/Mg2+-free to two parts Ca2+-free sea water. Blastomeres were cultured through the interval when SpMsx transcripts are first detectable, and aliquots of the culture were withdrawn and tested for SpMsx transcripts by RNase protection. As a control for the toxicity of the cell dissociation procedure, we monitored Cyl actin transcripts, which were shown previously to accumulate normally in dissociated embryos (Hurley et al., 1989) , but would be expected to be reduced in the event of a toxic response to dissociation. It is evident (Fig. 8) that SpMsx mRNA did not accumulate detectably in dissociated embryos, while Cyl actin mRNA was virtually unchanged relative to control levels. These data suggest that the accumulation of SpMsx transcripts depends on cell-cell or cell-matrix interactions.
Discussion
We have shown that the sea urchin SpMsx gene, a close relative of vertebrate &&-class genes, is expressed from the blastula stage onwards in a complex and changing pattern. SpMsx transcripts are first distributed throughout the ectoderm of the late blastula, and they subsequently become localized in the invaginating archenteron, secondary mesenchyme, and oral ectoderm of the gastrula stage embryo. Through the remainder of embryonic development, SpMsx expression continues in the gut and in derivatives of the secondary mesenchyme, as well as in various substructures of the oral ectodetm. Exogastrulation, a maneuver that disrupts the spatial relationship between the invaginating archenteron and the ectoderm, does not detectably alter SpMsx expression. Thus, the events that restrict SpMsx expression to the oral ectodenn and archenteron either occur prior to gastrulation or depend on planar signals within the germ layers. However, generalized disruption of cell-cell contact prevents the accumulation of SpMsx transcripts, suggesting that cell-cell or cellmatrix interactions are required for the activation or maintenance of SpMsx expression.
A comparison of the SpMsx amino acid sequence with those of a representative set of protostomes and deuterostomes reveals striking conservation of the homeodomain as well as several amino acids immediately N-terminal and C-terminal to the homeodomain (Fig. 1C) . We refer to this highly conserved, 81 amino acid extended homeodomain as the 'Msx domain'. The Msx domain of SpMsx is significantly more similar to Msx sequences from vertebrates than to sequences from coelenterates (Hydra) or nematodes (C. elegans).
This result is consistent with ribosomal RNA phylogenies (Tubeville et al., 1994) as well as comparative embryological and anatomical findings indicating that echinoderms and chordates are sister groups (Jeffries, 1986) .
Sharpe and coworkers (Shimeld et al., 1996) ) have pro-posed that the murine Msx3 gene is the direct descendent of the ancestral Msx gene that duplicated during chordate evolution, producing the diversity of vertebrate Msx genes. They base this proposal on the exclusive expression of Msx3 in the CNS and the view that the CNS is a more ancient structure than other structures in which Msx genes are expressed. Our result that SpMsx is approximately equally related to Msxl, Msx2 and Msx3 does not support this hypothesis. Given that echinoderms are likely to be closely related to stem organisms of the deuterostome group (Jeffries, 1986) , we would expect that if an Msx3-like gene were the primordial chordate Msx gene, it might be more closely related to SpMsx than are Msxl and Msx2. Based on our sequence analysis of the homeobox-containing exon, this is not the case. We stress that it remains possible that echinoderms possess another Msx-class gene which is the true orthologue of Msx3. Against this is the fact that an exhaustive PCR screen of the 5. purpuratus and Lytechinus pictus genomes has thus far failed to identify such a gene (unpublished observations). Furthermore, when genomic Southern blots of S. purpuratus genomic DNA were probed with an SpMsx probe, there was no evidence of additional Msx-related genes in the genome (unpublished observations). Although these negative data must be interpreted with caution, they lead us to suggest that Msx3 (like Msxl and Msx2) is the result of a duplication event that occurred some time after the divergence of the echinoderm and chordate clades. Under this scenario, an Msx3-like gene could still be ancestral to Msx genes of higher chordates provided the duplication of the postulated Msx3-like progenitor took place substantially later than the branching of echinoderms and chordates. Analysis of Msx structure and expression in ancient chordate groups such as the cephalochordates (e.g. Amphiuxus) should shed light on this issue.
Are there common features of Msx gene expression in echinoderms and chordates? Msx genes of sea urchins, ascidians, and several vertebrates are expressed during gastrnlation in cells undergoing invagination (mesoderm and endoderm) and in cells associated with the feeding apparatus and neural structures at the anterior end of the embryo. Thus, in the ascidian, Molgula oculata, the MoMsx-a gene is expressed in the presumptive muscle and notochord cells as they move over the lip of the blastopore during gastrulation (Ma et al., 1996) . Msx-a expression becomes undetectable in these cells once they have ceased migrating, but continues in the neural plate, which rolls inward to form the neural tube. In the chick. Msxl (GHux7) is expressed in the primitive streak stage in presumptive endoderm and in mesodermal cells undergoing epiboly . Expression ceases when these cells have stopped migrating. Similarly, an Msxllike gene is expressed during gastrulation in Xenopus in endodermal cells around the dorsal lip, in the dorsal mesodermal mantle, and later in the overlying neural ectoderm, including the neural crest (Su et al., 1991 ).
It appears, therefore, that despite the phylogenetic distance between the sea urchin and the several chordates in which Msx expression patterns have been described, all exhibit Msx expression in (i) endodermal and/or mesoderma1 cells undergoing morphogenetic movements during gastrulation, and (ii) neural and/or ectodermal cells in the anterior portion of the embryo. We stress that these patterns are too general to support an argument that they mark homologous structures in embryos. The patterns are consistent, however, with a possible role for Msx genes in morphogenetic movements in early embryogenesis.
Our demonstration that SpMsx expression is not affected by exogastrulation
shows that the restriction of Msx expression to the oral ectoderm and archenteron is not a response to an interaction between germ layers. Rather, we suggest, regulated expression of SpMsx during gastrulation occurs as a result of signaling events that occur earlier in embryogenesis.
Although our data do not speak to these earlier inductive events specifically, they do show that SpMsx expression is strikingly downregulated when embryos are dissociated into their component cells and cultured under conditions that prevent aggregation. Thus it appears that the maintenance, and perhaps the initial activation of SpMsx expression requires cell-cell or cell-matrix interactions. Such a requirement has also been reported for certain vertebrate Msx genes (Wang and Sassoon, 1995) suggesting that the ability of Msx genes to respond to cell interactions is conserved among deuterostome groups.
Materials and methods
Cloning of the SpMsx gene
We used degenerate oligonucleotide primers based on the sequence of the bicoid homeobox as described in Bell et al. (1993) in a PCR reaction with Strongylocentrotus purpuratus genomic DNA. The resulting fragment contained sequences homologous to the mouse Msx2 gene as well as some other sequences. This limited sequence information enabled us to design a second set of primers, one corresponding to the 5' end of the homeobox of the SpMsx, and a degenerate primer based on a conserved sequence just 3' of the homeobox of Msx genes from several organisms.
The sequences of the primers are: sequence-specific primer, 5'-TCACAACTTCTAGCTC-TG-3'; degenerate primer, 5'-TTT/CTCNAG/AT/CTC-NGCT/CTCT/CTG-3'.
The specific primer corresponds to the amino acids SQLLAL at the amino terminal end of the homeobox; the degenerate primer corresponds to amino acids QEAELEK just outside the carboxy terminus of the homeobox. The primers were synthesized on an Applied Biosystems DNA 380A and purified using SepPak C 18 cartridges (Millipore).
Using the primers shown above, we performed 35 cycles of PCR with S. purpurutus genomic DNA as the template. Denaturation was at 94"C, annealing at 55'C, and elongation at 72'C. The PCR products were size-separated, and a DNA fragment of the expected size (174 bp) was eluted and cloned into a TA vector (Invitrogen). Two such clones were sequenced. One proved to be the SpMsx gene; the other was an unknown sequence.
To isolate SpMsx genomic clones, we screened an S. purpurutus genomic library with a radiolabeled RNA probe derived from the TA cloning vector. This probe, which contains the SpMsx homeobox sequence, was produced by transcription with T7 RNA polymerase. We screened 2 x lo6 phage, obtaining a single positive clone. This clone was plaque purified, and phage DNA was isolated (Sambrook et al., 1989) . DNA fragments shown by Southern blot to contain SpMsx coding sequences were subcloned into the pKS + vector (Stratagene) and sequenced using the Sequenase version 2.0 DNA sequencing kit (USB). All sequences were determined at least twice; all protein coding regions were sequenced on both strands.
RNase protection assay
A 220 nt, antisense probe corresponding to the SpMsx homeobox was labeled with [32P]UTP using T7 polymerase transcription from the TA vector. This probe was hybridized with 20 pg of whole embryo RNA from different stages of embryonic development. The RNA was isolated by lysis of embryos in guanidinium isothiocyanate followed by sedimentation through a pad of CsCl (Sambrook et al., 1989) . The hybridization was carried out overnight, at 45°C in 70% formamide, 0.4 M NaCl, 40 mM PIPES (pH 6.4), 1 mM EDTA, and 0.1% SDS. The hybridization mixtures were then treated with 8 pglml of RNase A and 2 units/ml RNase Tl . The protected fragments were resolved on an 8% acrylamide gel, the gel was dried and subjected to autoradiography.
Whole mount in situ hybridization
We cultured S. purpurutus embryos in filtered, natural sea water in tissue culture stir flasks (Belco) at 15'C. Embryos were collected, fixed in 2.5% glutaraidehyde, 0.14 M NaCl, 0.2 M phosphate buffer (pH 7.4), dehydrated and stored in 70% ethanol at 4°C. The whole mount in situ hybridization procedure was performed as described by . Hybridization was at 45°C overnight in 50% formamide, 10% PEG, 0.6 M NaCl, 5 mM EDTA, 20 mM Tris (pH 7.5), 500 pg/ml yeast tRNA, 2 x Denhardt's, 0.1% Tween-20, with a probe concentration of 0.01 ng/ml to 0.02 ng/pl. Hybridization was visualized with an anti-digoxygenin antibody (1:500 dilution) linked to alkaline phosphatase (Boehringer Mannheim). Stained embryos were mounted in terpeniol on glass depression slides and photographed under Nomarski optics with Kodak Ektachrome 25 color film.
LiCl treatment of embryos
S. purpurutus eggs were fertilized in filtered natural sea water. LiCl (15 mM) was added to cultures at the two-cell stage. The embryos were cultured in LiCl until 24 h of development. The LiCl was then washed off and embryos were allowed to develop in natural sea water until 46 h of development. They were then fixed for whole mount in situ hybridization.
Embryo dissociation
S purpuratus eggs were fertilized in filtered natural sea water, then passed over 50 pm Nitex membrane (TETKO, Monterey Park, CA) to remove fertilization membranes. The eggs were washed twice with Ca2+/Mg2+-free sea water and cultured in one part Ca*+/Mg'+-free to two parts Ca2+-free sea water. Control embryos were fertilized at the same time and kept on ice while the dissociation was carried out on the experimental embryos. RNA was isolated from the cultured embryos as described above.
